Gap junctions are intercellular channels that allow the passage of ions and small molecules between cells. In the nervous system, gap junctions mediate electrical coupling between neurons. Despite sharing a common topology and similar physiology, two unrelated gap junction protein families exist in the animal kingdom. Vertebrate gap junctions are formed by members of the connexin family, whereas invertebrate gap junctions are composed of innexin proteins. Here we report the cloning of two innexins from the leech Hirudo medicinalis. These innexins show a differential expression in the leech CNS: Hm-inx1 is expressed by every neuron in the CNS but not in glia, whereas Hm-inx2 is expressed in glia but not neurons. Heterologous expression in the paired Xenopus oocyte system demonstrated that both innexins are able to form functional homotypic gap junctions. Hm-inx1 forms channels that are not strongly gated. In contrast, Hm-inx2 forms channels that are highly voltage-dependent; these channels demonstrate properties resembling those of a double rectifier. In addition, Hm-inx1 and Hm-inx2 are able to cooperate to form heterotypic gap junctions in Xenopus oocytes. The behavior of these channels is primarily that predicted from the properties of the constituent hemichannels but also demonstrates evidence of an interaction between the two. This work represents the first demonstration of a functional gap junction protein from a Lophotrochozoan animal and supports the hypothesis that connexin-based communication is restricted to the deuterostome clade.
Introduction
Much of our knowledge about the basic properties of neuronal communication has been derived from the study of simple nervous systems such as the leech. Its large neurons may be studied using intracellular recording, and the synapses between many of its identified neurons have been characterized (Muller, 1979) . Electrical coupling between leech neurons is common, allowing the fast propagation of impulses between cells (Baylor and Nicholls, 1969; Davis, 1989) , and this coupling is important to maintain synchronicity in many neural circuits (Marder, 1984; Fernandez-de-Miguel et al., 2001; Rela and Szczupak, 2003) . Electrical synapses are mediated by gap junctional coupling between neurons; similar structures are seen between non-neuronal cells.
As well as this role in neural networks, gap junctions are implicated in both homeostasis and embryonic development by their ability to mediate the passage of low molecular weight signaling molecules between cells. In the grasshopper embryo, pathfinding neurons communicate with "guidepost" cells via gap junctions (Taghert et al., 1982) , and inhibitory signaling mediated by transient gap junctional coupling is important during the development of connectivity within the leech CNS (Wolszon et al., 1994) . Such coupling is also implicated in the ability of leech neurons to regenerate specific synapses after injury; temporary gap junctions connect the regenerating axon to its severed stump, leading to a fast recovery of function (Carbonetto and Muller, 1977) .
Gap junctions appear to be common to all multicellular animals, but despite this functional conservation, a dichotomy exists at the molecular level. In deuterostomes, gap junctions are mediated by the connexin gene family (Kumar and Gilula, 1996; Harris, 2001 ), four-pass transmembrane proteins that aggregate to form hexameric hemichannels spanning each membrane. No connexin sequences have been found, however, in the now complete genomes of Drosophila and Caenorhabditis elegans. Gap junctional communication in these animals is instead mediated by members of the innexin family (Phelan et al., 1998b; Phelan and Starich, 2001) . Innexins are also four-pass transmembrane proteins that appear to form multimeric channels but show no primary sequence homology to the connexins. Innexins have been cloned from molluscs (Alexopoulos et al., 2000; Kelmanson et al., 2002) , flatworm (Panchin et al., 2000) , and from a polychaete annelid (Potenza et al., 2002) , suggesting that mem-bers of this gene family mediate gap-junction communication in all protostome animals. However, it has not been demonstrated experimentally that these Lophotrochozoan innexins form functional gap junction channels.
We wished to characterize the molecular basis of gap junctional communication in the leech CNS. Here we describe the cloning of two leech CNS innexins and demonstrate by in situ hybridization that Hm-inx1 is expressed in neurons, whereas Hm-inx2 is expressed in glia. To demonstrate that these proteins can form functional gap junctions we expressed them in paired Xenopus oocytes. This showed that each innexin is capable of forming homotypic channels and furthermore that the two innexins can interact to form a heterotypic channel. Each junction has distinct voltage-gating properties, and we have correlated these data with the in situ expression data to propose a function for these channels in vivo.
Materials and Methods
Molecular cloning. Putative leech innexin and connexin sequences were cloned by PCR amplification from a leech CNS cDNA library (a gift of Sergei Korneev, Sussex University) using degenerate and consensusdegenerate primers.
A degenerate connexin-specific primer was designed against the first extracellular loop region (consensus CNTxQP) of a multiple sequence alignment of eight connexins. This primer, GGYTGIWIIGTRTTRCA, was used together with a vector-specific primer to amplify putative connexin sequences from the leech CNS cDNA library.
A degenerate innexin-specific PCR primer was designed against the highly conserved second transmembrane domain of the innexin protein.
A multiple sequence alignment of 12 C.elegans and 2 Drosophila innexins was generated using ClustalW (Thompson et al., 1994) , and this was used to derive the consensus amino acid sequence of YYQWVP. This was reverse translated to give the degenerate primer GGIACCCAYT-GRTARTA. This primer was used together with a vector-specific primer to amplify putative innexin sequences, resulting in the cloning of a partial Hm-inx1 sequence.
Hm-inx2 was cloned using consensus-degenerate primers designed against a multiple sequence alignment of five Lophotrochozoan innexins. In theory, these primers should amplify leech sequences more efficiently than primers designed against Ecdysozoan innexins. A forward primer (CAGTACGTCGGAGACCCAATCCACTGYTGGKKYCC) was designed against the conserved first transmembrane domain and a reverse primer (AGTACGTCGGAGACCCAATCCACTAYTAYCARTGG) against the fourth transmembrane domain. This primer combination was used to amplify a partial Hm-inx2 sequence.
Full-length sequences of both innexins were subsequently cloned using gene-specific primers.
PCR was performed in a total volume of 20 l using between 2 and 4 l of library. PCR conditions were optimized for each primer combination using control amplification of Dm-inx2, Dm-inx3, or Hm-inx1 as appropriate. PCR products were run on a 1.2% agarose gel. Bands of the expected size were extracted using a gel-extraction kit (Qiagen, Crawley, UK) and cloned into the TA-cloning vector pCRII (Invitrogen, Carlsbad, CA). DNA was prepared using Qiaprep spin columns and sequenced commercially by Genetix Ltd (New Milton, UK) and Sigma Genosystems (Pampisford, UK) using standard T7 and SP6 primers.
Sequence analysis. Sequence manipulations were performed using LaserGene software (DNAstar, Madison, WI) . Multiple sequence alignments were generated using ClustalW (Thompson et al., 1994) and decorated using Boxshade 3.3.1 software. Phylogenetic analysis was performed with ClustalW using the neighbor-joining algorithm, and the resulting trees were plotted using TreeView 1.6.6 software (Page, 1996) . Transmembrane domains were predicted using a dense alignment surface (DAS) algorithm (Cserzo et al., 1997) .
In situ hybridization. Adult Hirudo medicinalis were purchased from Ricarimpex (Eysines, France). Leeches were anesthetized in 10% ethanol at 4°C for 20 min. The ventral nerve cord was removed under Ringer's solution (in mM: 115 NaCl, 1.8 CaCl 2 , 4 KCl, and 10 Tris maleate, pH 7.4). Midbody ganglia were taken and manually desheathed before being fixed in 4% paraformaldehyde, 50 mM PIPES, pH 7.0, 1 mM EDTA, 2 mM MgSO 4 , and 0.1% sodium deoxycholate for 1 hr at room temperature. Ganglia were washed five times for 5 min each in PBS plus 0.1% Tween 20 (PBT). They were then dehydrated through a methanol series and stored in 100% methanol at Ϫ20°C for up to 2 weeks.
After rehydration through a methanol series into PBT, ganglia were washed five times for 5 min in PBT. The tissue was then permeabilized by digestion with 20 g/ml Proteinase K (Sigma Aldrich, Gillingham, UK) in PBT for 1 min at room temperature and then washed two times for 1 min each in PBT plus 2 mg/ml glycine followed by washing five times for 5 min each in PBT. Ganglia were post-fixed as above for 20 min at room temperature and then washed five times for 5 min each in PBT.
Digoxigenin (DIG)-labeled antisense cRNA probes were transcribed from Hm-inx1 and Hm-inx2 using a commercial kit (Roche Diagnostics, Lewes, UK). Ganglia were prehybridized in hybrix solution [50% (v/v) formamide, 5ϫ SSC, 100 g/ml tRNA, 50 g/ml heparin, and 0.1% (v/v) Tween 20] and then hybridized overnight at 55°C with 500 ng/ml cRNA probe in hybrix solution. As a negative control some ganglia were hybridized with DIG-labeled sense cRNA probe. After hybridization, the ganglia were washed through the following series at 55°C: 3ϫ 10 min 200 l hybrix, 1ϫ 10 min 500 l hybrix: 2ϫ SSC wash (1:1), 1ϫ 30 min 500 l 2ϫ SSC wash [2ϫ SSC, 50%(v/v) formamide, 0.2% (v/v) Tween 20]. Ganglia were then washed once at room temperature in 500 l 2ϫ SSC wash: PBT (1:1).
Ganglia were blocked by washing three times for 1 min each, three times for 20 min each, and one time for 1 hr in 1 ml of PBT with 0.2 mg/ml BSA on a rotating wheel. A polyclonal sheep anti-DIG alkalinephosphatase conjugated antibody (Roche Diagnostics) was pre-absorbed against Drosophila embryos and then incubated with the ganglia for at least 1 hr at room temperature. After washing with five 15 min washes in 1 ml of PBT, they were stored overnight at 4°C in PBT. Antibody staining was detected using NBT and X-Phosphate following the manufacturer's instructions.
Transcription of mRNA. The coding sequences of Hm-inx1 and Hminx2 were subcloned into the transcription vector pSPJ2CL (a gift of Hugh Woodland, University of Warwick, UK) such that on transcription the resulting mRNA contained upstream and downstream UTRs of the Xenopus ␤-globin gene. Capped mRNA was transcribed using SP6 polymerase (Roche Diagnostics). The integrity of the mRNA was verified by in vitro translation of 35 S-labeled protein with a rabbit reticulocyte lysate (Promega, Madison, WI).
Electrophysiology. Innexin mRNAs were translated in paired Xenopus oocytes using standard methods (Swenson et al., 1989) . Stage V or VI oocytes were isolated and injected with 20 ng of Cx38 antisense DNA oligonucleotide (5Ј-CTGACTGCTCGTCTGTCCACACAG-3Ј) to eliminate coupling by endogenous connexin proteins. After incubation for 24 hr, oocytes were injected with 10 ng of innexin mRNA, the vitelline membrane was removed, and the oocytes were paired. Recordings were made 2-5 d after pairing using the dual voltage-clamp technique (Spray et al., 1981) . Both cells were clamped at Ϫ80 mV before voltage steps were applied to the driver cell. The voltage-stepping protocol used to stimulate the driver cell consisted of steps of between 10 and 80 mV in 10 mV increments in both the depolarizing and hyperpolarizing directions. The current required to maintain the potential of the passive cell was recorded. Data was recorded using Axoclamp 500 amplifiers with Axodata 1.2.2 software and analyzed using Axodata 4 software (Axon Instruments, Union City, CA).
Results

Leeches have innexin but not connexin genes
The connexin gene family form gap junctions in deuterostomes, whereas the innexin family form gap junctions in many invertebrates. It is not yet clear at what point in evolution this dichotomy arose and the leech, a Lophotrochozoan species, could therefore potentially use either innexins or connexins. To address this problem we designed degenerate primers against conserved re-gions of both families and used these primers to amplify putativegap junction sequences from a leech CNS library by PCR. Figure  1 demonstrates the results of such an experiment. PCR with an innexin-specific primer resulted in the amplification of a clear 350 bp band (Fig 1, lanes 3, 4) which, on cloning and sequencing, was found to be highly homologous to the innexin gene family. Several PCR parameters such as primer annealing temperature and library concentration were varied in an attempt to amplify putative connexin sequences but, under our conditions, no clear bands were amplified (Fig 1, lanes 1, 2) . We therefore concluded that connexins are likely to be absent from the leech genome.
A second set of degenerate primers was designed after the publication of Lophotrochozoan innexin sequences from mollusc and flatworm (Alexopoulos et al., 2000; Panchin et al., 2000) , and a PCR reaction using these primers resulted in the amplification of a second partial innexin sequence from the leech CNS library (results not shown). The 5Ј and 3Ј sequence of these leech innexins were cloned by further rounds of PCR, and subsequently full-length sequences were amplified from the library using gene-specific primers.
Hm-inx1 encodes a protein of 414 amino acids with a predicted mass of 48.7 kDa, whereas Hm-inx2 encodes a protein of 398 amino acids with a predicted mass of 46.7 kDa. The two proteins are 41% identical and show 62% similarity. These proteins are clearly members of the innexin family and show most homology to innexins from other Lophotrochozoan species such as Clione. Figure 2 shows a multiple sequence alignment to illustrate this homology.
Evolution of the innexin family
We performed a phylogenetic analysis to investigate the relationship of the leech innexins to previously characterized innexins. Figure 3 shows that the innexin family may be divided into three major clades representing the arthropod innexins (Drosophila and Schistocerca), the C. elegans innexins, and the Lophotrochozoan innexins (annelid and mollusc). It is interesting that the Ecdysozoan innexins are divided into these two unrelated clades, but it is not clear whether this reflects the faster rate of evolution noted in nematodes (Aguinaldo et al., 1997) . Hm-inx1 and Hminx2 fall into the Lophotrochozoan clade along with the molluscan and polychaete sequences. The Girardia innexin lies outside of this clade, reflecting the high sequence divergence of this protein shown in Figure 2 .
Several cross-species orthologs, such as Drosophila-inx2 and Schistocerca-inx2, may be identified within the arthropod clade by the short branch lengths and high bootstrap values. This suggests that gene duplication events have occurred within this phylum at a point before the divergence of these species. However, no such orthologs exist within the Lophotrochozoan clade: all four Lophotrochozoan innexins branch off the tree close to each other and have long branch lengths indicative of a long period of independent evolution. Therefore, we conclude that neither leech innexin is an ortholog of the innexin recently cloned from Chaetopterus, a polychaete annelid (Potenza et al., 2002) nor of any other known innexin.
All innexins share a four transmembrane domain topology, and this is conserved in the leech sequences as shown in Figure 4 , A and B. However, there is some variation in the length of intracellular and extracellular domains within the family. The Lophotrochozoan and C. elegans innexins have a relatively longer intracellular loop but slightly shorter extracellular loops than Drosophila innexins. Similarly, sequence motifs such as a DDD near the N-terminal are shared between Lophotrochozoans and C. elegans innexins but lacking in Drosophila. These data would seem to contradict the hypothesis that C. elegans innexins have evolved at a faster rate than others and suggests that the Ecdysozoan split may, in fact, be the result of a fast rate of arthropod evolution within the Ecdysozoa.
Expression in the CNS
Innexins are thought to oligomerize to form multimeric channels, most probably hexamers, which span the plasma membrane (Larsen, 1977; Shen et al., 2002) , with two such hemichannels docking together to form a gap junction. A single gap junction channel, however, may be formed from more than one type of innexin protein. We therefore wished to compare the expression of the leech innexins to suggest the types of gap junction they may form.
We studied the expression of the novel innexins in the leech CNS using in situ hybridization with DIG-labeled antisense RNA probes. Figure 5 shows that each innexin has a distinct expression pattern. Hm-inx1 is apparently expressed by all neurons (Fig.  5A ). Many neurons in the leech CNS are connected by electrical synapses, and this expression therefore suggests that homotypic Hm-inx1 junctions may mediate this coupling, at least in part. Hm-inx2 is apparently only expressed by two cells in the CNS, the giant neuropil glial cells (Fig. 5B) . The somata of these cells are located below the neuronal soma (Fig. 5D) , and they have extensive projections within the neuropil. In addition to the neuropil Figure 1 . PCR products amplified from a leech CNS-specific cDNA library using degenerate primers designed to amplify putative connexins (lanes 1, 2) or putative innexins (lanes 3, 4). In lanes 1 and 3 the PCR reaction mix contained 10% library, whereas in lanes 2 and 4 this was increased to 20% without affecting the results. A bright band of ϳ350 bp may be observed in lanes 3 and 4, whereas only primer dimers are seen in lanes 1 and 2. On cloning and sequencing, the 350 bp band was found to be an innexin.
glia, the leech also possesses six packet glia that serve to envelop the neuronal soma and two connective glia that envelop the interganglionic connectives. These glia are destroyed by the desheathing process, and it is therefore difficult to study their expression in whole-mount preparations. However, in situ hybridization may be performed to embryonic germinal plates without desheathing. Preliminary data show that Hm-inx2 is expressed by all three glial cell types in the embryonic CNS and confirms that the expression of Hm-inx1 is limited to neurons as in the adult (I. M. Dykes, unpublished observations). We therefore conclude that Hm-inx2 is highly likely also to be expressed in all glial cells in the adult CNS.
Heterologous expression of leech innexins
To demonstrate that Hm-inx1 and Hm-inx2 are sufficient to form functional gap junctions, we expressed innexin mRNA in paired Xenopus oocytes. Recordings were made using the dual voltage-clamp technique. This has become a standard assay for the function of both innexin and connexin-based gap junctions (Swenson et al., 1989; Phelan et al., 1998a; Landesman et al., 1999) . Coupling caused by expression of endogenous Xenopus Cx38 was eliminated by the injection of an antisense oligonucleotide.
The expression pattern described above suggested that each innexin would be able to form homotypic junctions. To test this hypothesis 10 ng of either Hm-inx1 or Hm-inx2 mRNA was injected into each oocyte and similarly treated oocytes were paired. As shown in Table 1 , only a subset of injected oocytes demonstrated coupling. Control oocytes injected with the Drosophila innexin shakB(lethal ) coupled at a greater frequency.
Homotypic Hm-inx1 channels An example of a voltage-clamp recording from a pair of Hminx1-injected oocytes is shown in Figure 6 A. The trace shows the current recorded in the passive cell in response to a series of voltage steps applied to the driver cell. Depolarizing (Fig. 6 A, left) and hyperpolarizing (Fig. 6 A, right) steps of between 10 and 80 mV in 10 mV increments were applied. In common with other characterized gap junction channels, the channel shows a large instantaneous conductance as soon as a voltage step is applied to (Potenza et al., 2002) , the platyhelminth Girardia (Panchin et al., 2000) , and the mollusc Clione (Panchin et al., 2000) . Shading indicates identical residues, whereas boxes indicate the predicted positions of the four transmembrane domains. GenBank accession numbers are as follows: Hm-Inx1: AJ512833; Hm-Inx2: AJ512834; Cv-Inx1: CAC69996; Gt-Inx1: AAF75840; and Cl-Inx1: AAF75839. the driver cell followed by a steady-state conductance. The channel is not greatly affected by transjunctional voltage (V j ) and remains open even at high voltages. Large V j values have been observed to close Drosophila innexin channels (Phelan et al., 1998a; Stebbings et al., 2000) , but this is not the case for Hm-Inx1 (Fig. 6 B) .
Homotypic Hm-inx2 channels Hm-Inx2 also forms homotypic channels. An example of a voltage-clamp recording of this junction is shown in Figure 7A ; the voltage step protocol was as described above. This channel demonstrates a highly asymmetrical response to depolarizing and hyperpolarizing voltage steps. At large depolarizing voltage steps (Fig. 7A, left) , the channel shows a large instantaneous conductance but slowly closes with time to reach a low steady-state conductance. At large hyperpolarizing steps (Fig. 7A, right) , the channel may be observed to initially open, reaching a maximum conductance at ϳ1 sec after the start of the step, then closing slightly before reaching a high steady-state conductance. At low voltage steps the conductance of the channel is similar to voltage of both polarities and is not strongly gated. This response is illustrated graphically in Figure 7B . For steps of both polarities the steady-state conductance is maximal at values near 0 mV and decays when large voltage steps are applied. The observed gating properties of this channel may be the result of a transjunctional voltage-sensing mechanism, the product of a membrane potential sensor on the presynaptic (driver) side of the junction or a combination of the two. To distinguish between these possibilities we measured junctional conductance of a given voltage pulse over a range of holding potentials. Figure  7C demonstrates that the steady-state conductance of the junction is highly sensitive to membrane potential, and thus V m sensitivity contributes to the characteristics of Hm-Inx2 channels. However, a comparison of Figure 7B with Figure 7C shows that V m sensitivity is not sufficient to explain this behavior. Thus, the properties of Hm-Inx2 channels depend on both V j and V m .
Heterotypic channels
The processes of the two giant glial cells pervade the neuropil and come into contact with the processes of many neurons. Therefore, it is possible that Hm-Inx1 and Hm-Inx2 may interact to form a heterotypic gap junction, that is, a channel in which each hemichannel is composed of a different innexin. To test this, an oocyte injected with Hm-inx1 was paired with one injected with Hm-inx2. These oocytes displayed coupling with a similar frequency to the homotypic channels described above (Table 1 ). An example of a voltage-clamp recording of a heterotypic gap junction is shown in Figure 8 . Figure 8 A shows a recording from the Hm-inx1-injected oocyte while stimulating the Hm-inx2 oocyte, whereas Figure 8 B shows a trace of the same cell pair recording from the Hm-inx2-injected oocyte while stimulating the Hminx1 oocyte. For comparison, the traces are shown to the same scale. The corresponding G j versus V j plots are shown in Figure 8 , C and D, respectively.
A comparison of Figure 8 , A and B, shows that the behavior of this channel is determined primarily by the innexin on the presynaptic side of the junction. Hyperpolarizing steps delivered to the Hm-Inx2-expressing cell result in a dramatic increase in conductance in comparison to depolarizing steps, whereas conductance is always low when the Hm-Inx1-expressing cell is stimulated. Note that when the Hm-Inx2-expressing cell is stimulated, the behavior of the channel is almost entirely determined by the V m sensitivity of the Hm-Inx2 hemichannel (Fig. 8C , compare Fig. 7C ). These data are therefore consistent with the hypothesis that the conductance of the junction is determined primarily by a presynaptic V m -sensitive gate rather than by a V j -sensitive mechanism, and that Hm-Inx2 channels have a strong gate, whereas Hm-Inx1 channels do not. However, the traces are not identical to the homotypic traces. For example, the conductance from the Hm-Inx1-expressing cell to the Hm-Inx2-expressing cell is lower than observed for homotypic Hm-Inx1 junctions. This indicates that V m sensitivity is not sufficient to explain all of the data and therefore that there is likely to be some degree of interaction between the two hemichannels, leading to a change in the properties of the junction with respect to homotypic channels. A, The trace shows the current in the passive cell required to maintain the holding potential of Ϫ80 mV when depolarizing and hyperpolarizing steps between Ϯ10 and Ϯ80 mV in 10 mV increments are applied to the driver cell. B, Graph of G j versus V j . Plot shows mean Ϯ SEM; n ϭ 4. C, The effect of membrane potential on G j . A representative cell pair was clamped at a range of voltages between 0 and Ϫ140 mV. A 5 sec pulse of 40 mV was delivered to the driver cell, and the steady-state conductance across the junction was recorded. Both depolarizing (OE) and hyperpolarizing (f) voltage steps were applied.
Discussion
We have cloned two innexins, Hm-inx1 and Hm-inx2, from the leech Hirudo medicinalis and shown that these have different expression patterns in the CNS. Hm-inx1 is neuronal-specific, whereas Hm-inx2 is glial-specific. We demonstrate that each of these innexins can form functional homotypic gap junctions in the paired Xenopus oocyte assay and that they can cooperate to form heterotypic junctions. Each of these junctions demonstrates novel properties not previously seen in this family. This work represents the first demonstration of gap junctional coupling mediated by a Lophotrochozoan innexin.
We found no evidence of connexins in the leech CNS. Together with the cloning of mollusc innexins in our laboratory (Alexopoulos et al., 2000) and by Panchin et al. (2000) , this work suggests that the innexins are common to the protostome animals and that the connexins are restricted to the deuterostomes. It remains to be seen which of these families is the ancestral gap junction protein and why this ancestral protein was replaced by a second gap junction protein family in one lineage.
Although our data support the existence of a Lophotrochozoan clade of molluscs and annelids, the phylogenetic study presented here shows that the Lophotrochozoan innexins are more similar to the C. elegans clade of innexins than C. elegans innexins are to arthropod innexins. This suggests that the innexin family has undergone a rapid evolution in the arthropod lineage, and it therefore seems that the Drosophila innexins, the best characterized of the family (Stebbings et al., 2002) , are also the most divergent from the typical innexin structure. This phylogeny suggests that the properties described for Drosophila innexins (Phelan et al., 1998a; Stebbings et al., 2000) may not be typical of the family as a whole and highlights the need for a functional analysis of the Lophotrochozoan innexins.
Electrical coupling is widespread in the leech CNS (Baylor and Nicholls, 1969; Fernandez-de-Miguel and Drapeau, 1995) , and electrical synapses are generally described as rectifying (current passes preferentially in one direction) or non-rectifying (current is passed equally efficiently in both directions). The widespread expression of Hm-inx1 suggests that it may be a component of some or all of these synapses. Heterologous expression in oocytes demonstrated that homotypic Hm-Inx1 channels do not appear to have a gate sensitive to membrane potential. These junctions therefore display many of the properties one would expect to see in a nonrectifying synapse, and Hm-Inx1 channels must be considered as candidates to mediate this function. It has been proposed that rectifying electrical synapses contain voltagedependent gates (Jaslove and Brink, 1986) and that the gap junctions forming such synapses are composed of two asymmetric hemichannels (Giaume et al., 1987) . If true, then another innexin must be involved in these junctions. This cannot be HmInx2 because it is not expressed in neurons. Drosophila has eight innexin genes, several of which are expressed in the nervous system (Stebbings et al., 2002) , and C. elegans has 25 innexins, at least six of which have a neuronal expression pattern . It is therefore likely that other leech innexins await discovery and that different combinations of these innexins generates the diversity of electrical synapses seen in the leech CNS.
We see expression of Hm-Inx2 only in the two giant neuropil glial (NPG) cells. In addition, based on our unpublished observations in embryos, we propose that this innexin is also expressed in other glial cell types. These cells are known to be electrically coupled (Kuffler and Potter, 1964) , and the presence of gap junctions has been demonstrated by electron microscopy (Coggeshall, 1974; Pumplin and Muller, 1983) . These gap junctions pass dyes of up to 1.2 kDa (C. Lohr, personal communication). This is larger than any dye that has been shown to pass through electrical synapses between neurons and suggests that the molecular composition of neuronal and glial gap junctions may differ. Characterization of homotypic Hm-Inx2 channels in Xenopus oocytes showed that these junctions are highly sensitive to V m , a property that correlates well with the physiology of the NPG cells. These cells are non-spiking, but oscillations in membrane potential are correlated with nervous activity (Deitmer et al., 1999) . Therefore, we propose that homotypic Hm-Inx2 channels mediate gap junctional communication between the NPG cells and that these channels appear to be highly adapted to their function in the nervous system.
Although minor asymmetries in the response to voltage step polarity have been observed in Cx26 junctions (Barrio et al., 1991) , Hm-Inx2 forms the first cloned gap junction channel to show such a large asymmetry in response. Homotypic Hm-Inx2 channels effectively behave as double-rectifiers, passing hyperpolarizing current preferentially in either direction. Doublerectifying electrical synapses have been described between touch sensory neurons in the leech (Acklin, 1988) and between pairs of SG neurons in the crayfish (Heitler et al., 1991) . At these synapses, depolarization spreads in both directions, but hyperpolarization spreads poorly. In contrast, Hm-Inx2 homotypic junctions open on hyperpolarization but close when depolarizing current is applied.
In addition to forming homotypic channels, we demonstrate that Hm-Inx1 and Hm-Inx2 are compatible and can form heterotypic channels in Xenopus oocytes, which raises the possibility that such junctions exist in vivo. The expression patterns of the two innexins suggest that heterotypic Hm-Inx1/Hm-Inx2 channels may mediate neuronal-glial coupling. If heterotypic Hm-Inx1/Hm-Inx2 channels do indeed exist in vivo, then their physiology appears to be adapted for the transmission of hyperpolarizing signals from glia to neurons. Conductance of depolarizing signals would be low, as would be conductance of steps of either polarity from neurons (Hm-Inx1-expressing) to glia (Hm-Inx2-expressing). However, it should be noted that our recordings were made at a holding potential of Ϫ80 mV and that at a more physiological membrane potential, conductance of hyperpolarizing signals will be reduced because of the V m sensitivity of Hm-Inx2 hemichannels.
Do these channels exist in vivo? Leech giant glial cells are among the best characterized of any glial cell yet despite almost 40 years of intense study, no neuronal-glial dye or electrical coupling has been described. Is it possible that such junctions will form between Xenopus oocytes in vitro but do not exist in vivo? Studies in leech cell culture have shown that novel electrical synapses not seen in CNS preparations will form in the dish (Fernandez-deMiguel and Drapeau, 1995) presumably because of the lack of developmental constraints. Physiological differences exist between neurons and glia: glia have a more negative resting potential than neurons (Kuffler and Potter, 1964) , and this is attributable to a different complement of ion channels. Perhaps it is advantageous to the leech to restrict the exchange of ions and metabolites between neurons and glia.
An alternative hypothesis is that such coupling might exist transiently in the embryo where it may be necessary to mediate pathfinding decisions but is lost in the adult nervous system. Transient gap junctions are known to be important in the development of the leech CNS (Wolszon et al., 1994) . Neuronal-glial coupling has been demonstrated between astrocytes and neurons in neonatal rats (Alvarez-Maubecin et al., 2000) . It will be interesting to test these hypotheses.
In conclusion, this work represents the first functional study of a Lophotrochozoan innexin. Our phylogenetic analysis has demonstrated the diversity within the innexin family and highlighted the need for comparative studies. The leech provides an excellent system in which to study the molecular basis of synaptic transmission between identified neurons. Neurons will form specific synapses when grown in vitro (Fernandez-de-Miguel and Drapeau, 1995) and are amenable to gene-knockdown using double-stranded RNA technology (Baker and Macagno, 2000) . In addition the simple, metameric organization of the nervous system provides an ideal system in which to study the role of gap junctional communication in development and regeneration.
